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FEEDBACK CONTROL OF KARMAN VORTEX SH{EDDING

D. S. Park, D. M, Ladd, and I. Henidricks
NCCOSC, RDT & E

San Diego, California

ABSTRACT anistic point of view, a flow-induced feedback causes the shed-
diug of the vortices, where the changing location of boundary

A direct numerical simulation of the Navier-Stokes equations of layer separation on one side of the cylinder causes a change in

a feedback controlled cylinder wake flow at the Reynolds number pressure distribution that forces an opposite asymmetric change

of 60 is presented. The simulation shows that vortex shedding in boundary separation. Any small flow perturbation is enough

behind a circular cylinder is suppressed to a significant degree to cause the initial asymmetry that starts the feedback mech-

by applying a feedback forcing with an appropriate phase via aiiism. The observation that the vortex shedding is caused by

blowing/suction slots located at ±110" from the leading edge. the moving location of boundary layer separation is supported

Depending on the phase of the feedback forcing relative to the by the absence of a distinct shedding frequency in the range

vortex shedding phase, the shedding of the vortices is either 300,000 < Re < 3,000,000 where'laminar separation followed

suppressed (stabilized) or further enhanced (destabilized). by turbulent reattachment fixts the turbulent separation loca-
tion so firmly that feedback is inhibited.

Under the influence of vortex shedding, the changing pres-
1 INTRODUCTION sure distribution causes large oscillatory lift forces. When a cir-

cular cylinder is flexible and lightly damped or rigid and flexibly
Many flows of engineering interest (e.g. separating flows) pro- mounted, vortex shedding can cause a coupled fluid structure in-
duce the phenomena of vortex shedding and the associated struc- teraction. This flow-induced resonance, causes the body and the
tural response. Applications include marine structures, under- wake to oscillate at the same frequency. This phenomenon, al-
water acoustics, civil and wind engineering to name a few. The ternately called galloping, lock-on or phase locking, results in
ability to tailor the wake of a bluff body could be used to reduce spanwise phase locking of the fluid and the structure causing
drag, increase mixing or heat transfer and enhanced combus- coherent vortex shedding along the span of the cylinder.
tion. Vortex shedding from bluff bodies has been reviewed most The important aspect of this phenomenon, from a control
recently by Sarpkaya (1979) and Bearman (1984). Vortex shed- standpoint, is that the large pressure forces, both lift and drag,
ding from a cylinder occurs over wide range of Reynolds number are a result of the small viscous forces acting in the bound-
from 47 < Re < 300,000 and then again at Re > 10. When ary layer of the cylinder. This implies that small control forces
Reynolds number exceeds a critical value of approximately 47, applied to the boundary layer can be used to control the larger
a symmetry breaking supercritical Hopf bifurcation occurs lead- pressure forces to achieve the effect of modifying the vortex gen-
ing to a discrete frequency vortex shedding known as Karman eration and unsteady lift forces. This concept has been demon-
vortices. Chomaz et al. (1988) have demonstrated that this strated by Ffowcs Williams & Zhao (1989), where the feedback
symmetry breaking Hopf bifurcation is related to the destabi- from a downstream hot film sensor was used to drive a speaker
lization of a global mode. The existence of an unstable global embedded in the wind tunnel wall and suppress vortex shedding
mode is intimately linked to the fact that the near wake is abso- from a cylinder in crossflow. The acoustic velocity perturbations
lutely unstable followed by the convectively unstable far wake. from the speaker are many times smaller than the freestream
The understanding of the'dynamics of two-dimensional wakes velocity, and yet control was obtained. This study shows that
at Reynolds numbers in the vicinity of the critical value is quite vortex shedding control is a real possibility. Two recent studies
firmly established. The preceding description of the vortex shed- (Tokomaru & Dimotakis (1991); Filler et al. (1991)) have shown
ding mechanism is from an instability perspective. From a mech- that small rotation oscillations of a circular cylinder can cause
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lock-on. Numerical sitiiulatio, of Kartiadakis ,L lriantafyllo% I( ) , ,
(19S9) have shown that smal l variatiis of tlbt ile'l wake pro ) /

duce lock-on. (6)
The 'lc 1i )aSis in this work V, Ott activc fe•-dback control, as

o1ppoised to h l lKIpIU h cointiolh. a' dl t t 1, 41 ihl• l \\u ct Al. (I Js.)), The" qjc w 1,1 1,t .!1,,! j Ch. , (I990) fol th, dI' .

"l'Tokui.aru i&' I)ino l.otakis ( I'191 ), lod Filler ct ;a. ( 19.91 ) hi thcse . l* d O "r i (
stlidics, ,ot;ii\ lscillatiou of the •yIndcl w;,x used to .alter the Til ' (h( ,ilic,,I 11- wrml (I

vylimiler w;k, with iio fet.lhick -ow ltilt- cylinde, or thet hlow.
Openl loop coot vol ( ml rall,is, lock"Iw, of initesxhi~og a;i,il . * n-
therefore, modify the vortex sheddin g phase, lit it is highya1.% is tlie vL t n-I tLtii 4 ste rLh eak k I'atc,
unlikely that it can suppress thie vortex slieddi '.g altogctller. ( 1€3b'(*)) Th fr t s th: a. cs i it s t K: toct j 'c

The most poweifut asy) nietric actuiatoI for control of the 1h 6 'll (, f tell Lil t,- i t l)Cl sc to m i

boundary layer of the flow over a 2-D cylinder is the rotary oscil- theiTtt of the lioliiiio ;tdXsC1IvC Icl II A-S follws.

lation of the cylinder wall itself (see Chang (1976) for numerous W.. - W, 2

separation contrrl schemes). However, this method of boundary -_ > /l . (= E"-iYl-), (8)
layer control has certain practical problems in implementation '=0

as well as lack of generality to other geometries and therefore where #D b 23/12, fAn = -16/12, and I = 5/12, and w', w"
will not be considered in this pa.per. and 4'• denote the intermediate vorticity, the vorticity and the

The next most powerful -Actuator appears to be a. pair of stream function at n-th time level, respectively. The second
suction/blowing slots located opposite to each other at some lo- step is the implicit step, where the viscous effect is computed as
cation from the leading edge or the stagnation point. A small follows;
amount of fluid sucked in ,,ne slot, thinning the boundary layer, J.+ - -". _22 .+I + 'A

and ejected out through the other slot, will asymmetrically change At Re 2 (9)
the location of the boundary layer separation. After thevorticityat (n+I).th timelevel,w" 1 , is computedthe

In this paper, w e w ill consider the problem of suppressing A ere the functi ty, t isn obtaiheti bye solving , e equatt on,(2h
or stabilizing the near wake of a flow past a circular cylinder sirean function, It•', is obtained by solving the equation (2)
at low Reynolds number by direct numerical simulation of 2-D for the stream function. The accuracy of the numerical scheme
Navier-Stokes equations. is second order in both space sand time.

The computational grid is uniformly stretched in radial di-
rection such that the grid is denser near the cylinder surface to

2 NUME4RICAL PROCEDURE resolve the high gradient of the flow there. A typical grid is
shown in figure 1. The outer computational boundary is located

The control problem is investigated by numerically solving the at r.. = 59.38. The number of grid points in circumferential
2-D Navier-Stokes equations in a stream function/vorticity for- and radial directions are 256 and 128, respectively.
mulation as follows;

-w 2 ) 3 RESULTS AND DISCUSSION

(2) Accuracy of numerical method was validated by comparing the
numerically obtained Strouhal number (St) to the experimental

wherew and ,b are the vorticity and the stream function, respec- values at the Reynolds numbers of 60, 100, 150 and 200. The
tively. The above equations are nondimensionalized using the nondimensional frequency St is defined as ftd/U, where f, is the
cylinder radius, R, the freestream velocity, U, and the kinematic frequency of vortex shedding. In experiments at these Reynolds
viscosity of the fluid, v. The Reynolds number Re is defined as numbers, due to the finite aspect ratio effect of the cylinder, the

follows; - vortices are shed from the cylinder at a small oblique angle to
Ud the cylinder. Williamson (1989) found that the St - Re dis-

Re -V (3) continuities occurring at low Reynolds numbers are due to the

where d is the cylinder diameter. The boundary conditions on obliqueness of the vortex shedding. He noticed that the parallel

the cylinder surface are shedding and the oblique shedding are related by the cosine of
the angle as follows. The frequency of the parallel shedding can

0.4(, (4) be obtained by dividing the frequency of the oblique shedding by
r= I,, t) = 0, 4 the cosine of the angle of the shedding that is the angle between

the spanwise oblique vortex line and the cylinder axis. He also
(r 1, ,1 t) ib,(, t). (5) presented the universal St - Re curve without discontinuities by

In the case of zero blowing/suction, 0.(O, t) is identically equal correcting the effect of the obliqueness of the vortex shedding.
to zero. Here we have two boundary conditions for the stream Our results are plotted with these corrected experimental val-
function while there is no boundary condition for the vorticity. ues of Williamson (1989) in figure 2. The agreement is excellent
Therefore, the second order accurate boundary condition for the The results will presented for the case of the Reynolds number
vorticity at the cylinder surface is derived using equation (2) of 60.
and the boundary conditions for the stream function. The outer The lift coefficient is evaluated directly from the known vor
boundary conditions are II- ity field by the following fb n,,l,
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-V - 4 O total sullpftc.5'ioll i i tIc 4 511015'S Own ilrtlLiti ,iutt. lilt 'tCv4r,,I711,(1 5 IT 10 os. Tlit- c 1 )tlillitit valmW for( I iiI)itirs Lo bi. (,lom, to I I At, cti

whelLre if,,. is tile r 11111 I s-cl, tt' at lilei cyliinlitc %illfdec (fivt- U, hoil at -oii.,I 'lu tah , d Noltk-\ sh-.I~I111s I Woft ' Nil'

slots. fIlie first. LetI tit tis L {it , c t~i ibliitiOii tii tilt lift oif I '-C t iiiilwtiiilC.5 IC it o n 1  1, nvt ,it('> ,I ¶ I 'l, ( I l
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±50*, ±65*, and ± l0* from tite leading edge of the c~ylinider. Whleni the slieddzing is ttearly suppressed, the teourculatiaig waie
Withi t,.. apctuators at ±50*, or ±65*, suppressioni of tile vortex Iithubbe is approximately 3 to 4 cylinder dianmeter long
shedding was not obtained. We think thle inleffectiveiziess of thle Next, wve fixed tile feedback- coefficient ci at. IA and varied
actuator was due to tile fact. that tile actuator was located too thie sensor location. The suppression of vortex slictdding was
far from the separation point on the cylinder surface. The sep- obtained only at narrow rangec of thle sensor location, which Is
aration points on tile cylinder surface, at the Reynolds number from 7.5 radius downtstream to 9 radius downstrcam. The opti-
of 60, wander around ±kl20* as the vortices are shed. When the mum sensor location is around 8 radius downstream. In figure 6,
blowingdsuction slots were located at :1:10* from the stag'a- the vorticity plots for the flows with the sensors loicated at vari-
tion point, that is slightly ahead of the separation points of the ous locations are given. The corresponding streamline plots are
unforced wake, they proved to be strong actuators. shown in figure 7. With the sensor located at two radius down-

The blowing/suction velocity through small slots is dictated stream, the vortex shedding process is enhanced instead of being
according to the following feedback law. suppressed as shown in figure 6a. As the forcing is turned on,

the vorttcity and velocity fluctuations increase by about 100%
Ul= wz- Y=0) (1) within one vortex shedding period. Ffowcs Williams & Zbao,

W) (1989) also observed that the phase reversal of the loud speaker

wher a s te fedbck oeficiet, ~z. y 0)is he ea- from the controlled cawe brought about an enhancement of the
whereda vrist atthe fedbkoewnsreamlct, on, z.,y 0)ois the cena- fluctuation. Let us take a look at the optimum case, which is

surie ad w..ithmamu vorticity at the dostemlctoa, alogte spa- the flow with the feedback sensor located at 4 diameters; down-

tealinecatind fori the mnoceaximu Herticpoityiavte samdevtspa stream. The near wake vorticity plot in figure 6b looks a~lmost

Woiag/locationgfo theog unforcedowaeHere plots.Tithive of dnthes symmetric. The streamline plot in figure 7b shows the recir-

feedback law is motivated by the fact that as the flow becomes dilamters. wak iburbe 8f ant9he lenmeseie of aprxmthel lif coeinder

controlled and approaches the symmetric configuration, the vor- ciaentes igr8 and th aterwi e velocity atrone diameteridownstream

ticity w(z,,y =0) tends to zero resulting in the small amount cetand one raistrabove thelcnterli ne, respetiely Forcngstra

of feedback. Therefore, as the desired state is approached, the anoerdisbvetectrleepciey.Fcngs
requredforingleve beome smfl.turned on at I = 34 and is turned off at f = 500. As the forc-

The phase relation of the feedback relative to the vortex tug is turned on, the fluctuations decay rapidly to a low level,
shedding phase was determined by the downstream location of The lift coefficient fluctuation amplitude and the v-elocity fluc-
the feedback '~sensor", x.. To properly choose z,, the move- tuation amplitude are reduced to 25% and 15% of the unforced
ment of the separation point as the vortices are shed must be case, respectively. The mean of the fluctuatini, velocity has also
known. Figure 3 is the temporal plot of the vorticity at 6.01 decreased. As forcing is turned on, the cyli? tier wake slowlyre

radus owntrem ( = 6.1) lon th ceterine(y= 0) turns to the natural vortex shedding state as also observed by
randiuse downtreyam cyide( ufae( = -. 1) alog th centele of 10" Ffowcs Williams& Zhaot (1989). Figure 10 is the time series plot

which is slightly ahead of the upper separation point for the un- oftesurofheltcefienonaem-gsae.Afrig
forced wake. The vorticity measured on the centerline oscillates is turned off, the fluctuation begins to increases exponentially as
around zero mean while the vorticity near the separation point deosrtdb esragtlnonaem-gpo.Thsein

oscillates around some mean value. Let us denote w. and w, to is called a linear growth regic'in which is followed by a transition
be the vorticity at the centerline and the vorticity on the cylin- region and a saturation sta~te as also observed in the numerical
der surface, respectively. The phase relation between these two simulation by Hannemann & Oertel (1989). When the forcing is

are a folows;on, the fluctuations modulate. The modulations of the fluctua-
are as follows;,(12 tions can be explained as follows. As the forcing becomes small,

= A sn(2ifl),(12) the suppression of the vortex shedding relaxes slightly resulting

w,=Bsin(21rft + 4,) + (13) in the increa-sed vorticity fluctuation. This increases the forcing

where tO is computed to be -0.71 17w. The nondimensional fre- level once again. The increased forcing suppresses the vortex
quency, f, is the half of the Stroulhal number, St. Feeding back shedding process. Then the forcing decreases again

Ldstly, we briefly look at the downstreamn developmrent of the
the phase of the vorticity at 1 10* was tried first. The appropriate vortical structures. Figure 11I shows the vortical development of
sensor location, z., for this phase is approximately 8 to 9 radius the wakes of the unforced case and that of the suppressed case
downstream. The feedback coefficient a was varied from 0.3 to up to 27 diameters downstream. Although the near wake is sup
1.8 for the fixed sensor location at 8.5 radius downstream. Sup- pressed to a significant degree, the small hitictiiatioii in the near
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wake becomes amplified due to the convective .iature of the in- Sa, J.Y. and Chang, K-S, 1990, -O!l Ij'x [ld Strfeami F'ur.c_,

stability of the far wake as the fluctuation travels downstream. lion Conditiot foi Two- Diw. i, , wshii Lio. J

This is also observed by Ffowcs Williams & Zhao (19S9) And Coetiu l'hysics, 91 39S-412

shown in figure 5 of these authors. l)espite of the fact that the

near wake spectral level is low .silrcc Oh w;ke is co it rithll the S. tilt-.1 , 9 ; l "' v- 1 Yd,.- .,1,,,s A

spectral level iIiCreaseS c~polCleltially ill tilt - w list C dii dircc- Itc'ew" .i Apilt M h, Vit,, 4G, M1 i ,YS

TiOL.inaiau, VT .1I u1d l .k, I' I 1, 1 1,01 0)-. hf .....

4 C O N C L U S IO N ¢:,,,,,,, ,,l ii ( ,l,,1,id.,I I.,, I , ,, ,, 'Vol 1 ,,

We have been able to suppress the vortex shedding behind a WVilliamson, C.l.lK., 19S9, "Oblique and Parallel Modes of Vor,

tex Shedding ill tie Wake of a Circular Cylindh t at Low le Niolds
circular cylinder ill a two dimensional numerical simulatioll at Numbers". J. Fluid Mech. 206, 579-627.
the Reynolds number of 60 by active feedback control method.

The actuators we chose to use were the blowing/suction slots
located at 4110° from the leading edge of the cylinder. The Wu, J., Mo, .a and Vakili, A., I989, On the \Vakeof a Cylinde

control was possible in only a narrow range of phase while the

vortex shedding was enhanced if forced with the phase out of

this range. Although the present results are for the Reynolds

number of 60, a quite low Reynolds number, the authors be-

lieve that this active feedback control will still be operative even o

at higher Reynolds numbers. The higher Reynolds number flow

control is currently being studied. One of us (D. S. Park) thanks
the support of the ONT (Office of Naval Technology) Poetdoc- 2S

toral Fellowship.
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Figure 3: Vorticity time series (solid line; x =-6.01, p=0.

dashed line; r = 1, 9 1 IV0). 01M1

(d)

Figure 5: Streamline plot for the sensor (z.) located at 8.5 radius
downstream (z. = -8.5). a) a = 0 (natural shedding), b)

(b) ~a =(0.3, c) a =1.1, d) or 1.8..

Figure 4: Vorticity contour for the sensor (z.) located at 8.5 Figure 6: Vorticity contour for o 1, I a) x, = 2, b) x, -8,
radius downstream (x, = -8.5). Flow is from right to left. a) c) X, -
a 0 (natural shedding), b) or 0.3, c) a' =)A., d) a =18
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Figure 7: Streamline plot for ag I.1 I. a) x,, t -2, b) x. =i-8,

c) M, = -9.
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Figure 11: Downstream development of vorticity, a) natural
-0.0s shedding, b) suppressed shedding (a = 1.1, z, = -8).
-0o10

0 25s 500 750

time

Figure 8: Plot of time series of lift coefficient for o = 1.1 and
x, = -8. Forcing is turned on at t = 34 and turned off at

0.25

- 0.20
C'4

S0.15

0 250 Soo75time

Figure 9: Plot of time series of Streamwise velocity at x -2
and y = I for a = 1.1 and z, = -8. Forcing is turned on at

= 34 and turned off at t = 500.
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